This work aims at comparing and highlighting the main reaction pathways, characterizing the combustion behavior of oxygenated fuels. Ethanol and heavier alcohols are already viable biofuels, despite some concern on their aldehyde and ketone emissions. Recently, the potential of 2-butanone (methyl ethyl ketone) as anti-knocking fuel was investigated at engine relevant conditions. Moving from methyl butanoate, long chain fatty acid methyl esters are largely considered and used as biodiesels, mainly in Europe. Starting from a consistent assessment of C-H and C-C bond dissociation energies in n-butane, nbutanol, n-butanal, methyl-ethyl ketone and methyl butanoate, their impact on the selectivity of the different H-abstraction reactions and their relative reactivity is analyzed. Low temperature oxidation mechanism of 1-butanol and 2-butanone are also presented and discussed. Based on the upgraded Politecnico di Milano (POLIMI) kinetic mechanism, the relative reactivity of n-butane and the different oxygenated fuels is here deeply discussed. Stoichiometric fuel/air mixtures at 10 and 30 atm and 600-1450 K are analyzed. At low temperatures (T<675K), n-butanol and 2-butanone show the lowest reactivity whereas the other fuels tend to converge to a very similar behavior. n-butanal is the fastest to ignite in the whole T range, because of the weakest C-H bond dissociation energies. No NTC behavior is observed for nbutanal and n-butanol, under the investigated conditions. A weak NTC is predicted for methyl butanoate, similar to that of propane. Methyl butanoate and 2-butanone are the slowest to ignite between 750 K and 850 K. A limited number of fuel-specific reactions characterizing each fuel and deserving more accurate investigation is highlighted, together with the lack of experimental targets below 850 K for methyl butanoate and 2-butanone.
Figure 1: C-H (black) and C-C (red) bond dissociation energies (kcal mol -1 ) for butane, n-butanol, n-butanal, methyl ethyl ketone and methyl butanoate calculated at the G4 level (298 K)[35]. Numbers in parentheses represent the difference in BDEs (Δ BDE ) with respect to a primary C-H bond. Numbers in brackets [ ] are experimental values
.
Electronegativity of the oxygen atom typically reduces the strength of the closest bonds. n-butanol and especially n-butanal and methyl ethyl ketone (MEK) show a reduced energy of both the alpha C-C bond and the beta C-H bond. On the contrary, the substituted carboxyl group of methyl-butanoate makes the molecule more stable. The mesomeric structures of unshared pair of electrons in the oxygen singly bonded to carbonyl carbon, allow the formation of the ester resonance, which stabilizes the molecule.
Consequently, the close C-C bond results stronger with a high dissociation energy (~92 kcal/mol).
Selectivities of H-abstraction reactions
Coherently to the relative bond strengths discussed in Section 2, previous kinetic studies have adopted specific rate constants reflecting the effect of the presence of the oxygen atom in different functional groups. Beside C-C bond dissociation energies, whose values mainly affects the rate of radical chain initiation reactions, H-abstraction reactions dominate fuel consumption in the whole temperature range of interest for combustion systems (500-2000 K). While at low temperatures the abstracting radicals are typically OH and, to a lesser extent HO 2 , at higher temperatures and particularly under pyrolysis or fuel rich conditions, also H and CH 3 become important H-abstracting radicals. Assuming that the rate of abstraction 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 largely depends on the nature of the H-atom to be abstracted, it is clear how intrinsic bond dissociation energies directly affect the rate values, and, more importantly, the relative selectivities of the available abstraction sites. Figure 2 shows the H-abstraction rates of primary, secondary, and tertiary H-atoms by H, OH and CH 3 radicals on a per H-atom basis, according to the generic rate rules [19] . Considering Habstractions on n-butane by OH at 1000 K, the four available secondary H-atoms contribute to ~60% of the total rate constant, while ~40% undergoes a H-abstraction on the terminal methyl groups. According to Benson (Thermochemical Kinetics. 1979 ) and Carstensen and Dean [43] , only short range forces affect the reaction rates, therefore the effect of the functional group vanishes after the β positions. This assumption is further confirmed by the values reported in Figure 1 . Thus, the rate of H-abstractions from the terminal CH 3 group is taken as that for alkanes, with the exception of (the) MEK. Figure 3 shows the relative selectivities of the H-abstraction reactions by OH radical of n-butanol at T=1000 K, as evaluated and discussed by Frassoldati et al. [44] . In agreement with the BDEs of Figure 1 , the α position is the dominant one (~45%), followed by the alkane-like secondary position γ (~25 %). β position only contributes ~15%, due to its higher BDE (98.2 kcal/mol) compared to the one of the γ site.
n-butanol
According to the low temperature study of da Silva et al. [45] on the kinetics of the α-hydroxyethyl radical addition to O 2 , R-•CH-OH radicals are assumed to interact with O 2 mainly producing HO 2 and the parent aldehyde (e.g. R-•CH-OH+O 2 =HO 2 +R-CHO). Thus, the formation of peroxy radicals from the predominant α radicals is a negligible low temperature branching pathway for alcohol fuels. This feature partially justifies 
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Octane Number=85-95 [7] ), making them useful for use in spark ignition engines.
Figure 3: Selectivity of n-butanol radicals from H-abstraction reactions [44] by OH at T=1000 K. Figure 4 shows the relative selectivities to the different positions in n-butanal oxidation according to the kinetic mechanism of Pelucchi et al. [9, 46] and of Veloo et al. [10] . Despite some quantitative differences, both the mechanisms describe n-butanal oxidation as largely dominated (~50-70%) by H-abstraction at the weak C-H bond of the aldehydic site forming a carbonyl radical R n-CO (i.e. C 3 H 7 CO). As recently discussed [46] , carbonyl radicals heavier than acetyl do not add to oxygen, rapidly decomposing to CO and the corresponding alkyl radicals, whose low temperature branching pathways largely dominate aldehydes reactivity. Table 1 reports the branching ratios of the pseudo first order high pressure limit of C 3 H 7 CO addition to O 2 to form a carbonyl-peroxy radical, together with C 3 H 7 CO decomposition to CO and n-propyl radical. With regards to the bimolecular addition reaction, the pseudo 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Because of the lower activation energy required for the decarbonylation (~15-16 kcal/mol) compared to that of the β-decomposition of alkyl radicals (~30 kcal/mol), the addition to O 2 , activating the peracid channel, plays a role only at very low temperatures (T < 600 K). According to the BDEs of Figure 1 , a significant selectivity of H-abstraction is expected for the secondary α position. With respect to the standard secondary H-atom in alkanes [30] a limited enhancing factor ~1.25 is applied, because of the resonantly nature of this stable radical, which inhibits reactivity from this channel. Figure 5 shows the relative selectivity of the three available abstraction channels in MEK, according to the rate constants proposed by Burke et al. [13] and to those adopted in this study (Section 4.4). The weakened secondary and primary C-H bonds, explain the predominant selectivity to α s and α p , accounting for ~50% and ~30% respectively.
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methyl butanoate
Grana et al. [47] already presented the high temperature oxidation mechanism of methyl butanoate (MB), together with a lumped low temperature mechanism derived from the detailed mechanism of Hakka et al. [48] . In a more recent study, Mendes et al. [49] calculated H-abstraction reactions by OH for a series of methyl esters (from methyl-etanoate to methyl-butanoate). Figure 6 shows the relative importance of Habstraction channels according to the detailed mechanism of Hakka et al. [48] , adopted in the mechanism, and according to the theoretical calculations [49] . [48] and Mendes et al. [49] .
Again, Tan et al. [50] calculated H-abstraction reactions by important radicals (H, CH 3 , OH, O, HO 2 ) for methyl-propanoate (MP). Figure 7 compares the experimental results for the total H-abstraction rate constant by OH as measured by Lam et al. [51] , with rate constants from recent theoretical studies [49, 50] and that included in the lumped POLIMI mechanism for methyl butanoate [47] . Despite the overall agreement between rate constant estimates and/or calculation and experiments (factor of ~1.5), Figure 8 shows some incoherent trend. In fact, according to the rate constants calculated by Tan et al. [50] , the relative importance of the H-abstraction channels in MP at 1000 K, does not reflect the hierarchy in BDEs. Despite the surprising trend, it has to be mentioned that the same rate constants were recently found to have a positive effect on MP laminar flames prediction [52] .
The C-H secondary bond in β is the weakest [38] [39] [40] and, giving rise to the formation of a resonantly allyliclike radical, is expected to be the favored channel for H-abstractions, accounting for 45% of the selectivity in MB. According to the calculations of Mendes et al. [49] , this value is expected to increase up to 60~% for MP. A BDE based approach in this case provides also a useful guidance to critically interpret theoretical calculations. [50] and Mendes et al. [49] .
Considering the low temperature oxidation, based on the length of the hydrocarbon chain in methyl butanoate and on the predominance of the H-abstraction from the central carbon β, typical negative temperature coefficient behavior is expected to be very limited, in agreement with observations of Gail et al. [53] and Walton et al. [54] . However, the analysis of the recent literature and the scarcity of data at temperatures lower than 800 K emphasize the uncertainty still existing in kinetic parameters for methyl esters.
Validation of the kinetic mechanisms of n-butane and oxygenated species
Before a kinetic analysis and discussion on the relative reactivity of n-butane and oxygenated fuels, a short validation of the updated kinetic mechanisms POLIMI_1605 is here presented. Moreover, the new lumped low temperature mechanisms of n-butanol and methyl ethyl ketone oxidation are also discussed. The global POLIMI mechanism includes ~500 species and ~20000 reactions, and is provided in the Supplemental Material attached to this study and on the website http://creckmodeling.chem.polimi.it/.
Lumped low temperature reactions
Due to the lack of symmetry in the molecular structure of oxygenated molecules, the size of the detailed kinetic scheme of pyrolysis and oxidation largely increases with respect to linear alkanes. Lumped or generalization to heavier molecular weight compounds belonging to the same class, can be found in the sequential studies of Grana et al. [47, 55] , recently successfully extended by Rodriguez et al. [56] . In the case of methyl-butanoate (see Section 4.6), a single alkyl-like radical was included to avoid exponential increase in the number of species when extending the kinetic mechanism to longer methyl-esters (C 11 -C 19 [55, 56] ). For such fuels, detailed kinetic mechanisms from the literature can include up to ~5000 species, an order of magnitude more than the complete POLIMI mechanism.
Concerning the other oxygenated species analyzed in this study the detail of the different fuel radicals is maintained, allowing a more effective definition of site-specific reaction channels at high and low temperatures.
When generalizing this approach to oxidation reactions at low temperatures, it is necessary to include interactions of these radicals with O 2 . Therefore, it is necessary to enlarge the kinetic scheme to include the intermediate lumped radicals RO 2 , QOOH and its decomposition products (heterocyclic components and unsaturated species), OOQOOH, ketohydroperoxides, each one representing all the possible different isomers.
Following the validated and consolidated procedure proposed from more than 20 years by Ranzi et al. [20] , the mechanism refers to only three intermediate lumped radicals (RO 2 , QOOH, OOQOOH) and three stable species derived from the low temperature oxidation (cyclic component, unsaturated alcohol, aldehyde or ketone, ketohydroperoxide). Kinetic parameters of the lumped reactions (see Table 2 and Table 3 ) are derived by fitting the selectivities obtained with the lumped mechanism with those obtained with the detailed kinetic scheme defined upstream. The detailed kinetic scheme is implemented based on rate rules for standard low temperature reaction classes [27] , taking into account site specific BDEs and fuel specific reaction classes for oxygenated fuels.
n-butane
n-butane kinetic mechanism [57] was recently revised with the inclusion of new reaction classes justifying the formation of organic acids and other minor oxygenated species at low temperatures [58] . Experiments were performed in a Jet Stirred Reactor (JSR) by Herbinet et al. [59] at ~1.0 atm, for temperatures between 550 and 800 K, at a mean residence time of 6 s for a stoichiometric n-butane/oxygen/argon mixture (4/26/70 in mol%). Figure 9 shows a comparison of experimental data [59] with model predictions [58] . [59] with model predictions [58] .
Figure 9: Oxidation of n-butane in jet stirred reactor (n-butane/O2/Ar = 4/26/70 mol%; 1 atm; residence time 6 s). Comparison of experimental measurements of Nancy (open symbols) and Hefei (full symbols)
Predicted ignition delay times in shock tubes and rapid compression machines (RCMs) were measured by Healy et al. [60] , between 1 and 40 atm. A comparison with mechanism predictions is given in Figure 10 . To better highlight kinetic effects discussed in Section 5, RCM simulations were performed assuming an adiabatic constant volume reactor, not including heat losses. This simplification partially explains the observed deviations, as discussed in Cuoci et al. [61] . CO 0.E+00
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n-butanol
The kinetic mechanism for butanol isomers was developed and extensively validated by Grana et al. [62] and partially revised later by Frassoldati et al. [44] . A lumped low temperature oxidation mechanism of nbutanol has been developed in this study and is reported in Table 2 . Details of the lumped species representing the different isomers are reported in Table S2 of the Supplemental Material. Rate parameters are based on the low temperature rate rules by Ranzi et al. [27] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Several experimental data allowed to validate this lumped mechanism. Ignition delay times were measured between 770-1250 K by Heufer et al. [63] and Vranckx et al. [64] at high pressure (10-80 bar). Rapid compression machine measurements were also presented by Weber et al. [65] . Figure 11 shows some comparisons between experimental data and results from adiabatic constant volume simulations. The kinetic mechanism, already extensively validated for high temperature conditions [44, 62] , provides reliable results also at low temperatures and high pressures. 
n-butanal
Pelucchi et al. [9] developed a kinetic mechanism for n-C 3 -C 5 aldehydes pyrolysis and oxidation at high temperatures. The model was recently extended to describe the low temperature oxidation [46] . Figure 12 shows a comparison with the speciation data of Veloo et al. [10] in Jet Stirred Reactor at 10 atm, in the temperature range of 500-1100 K. Despite the slight underestimation of fuel conversion at low temperatures, the kinetic mechanism correctly predicts the effect of oxygen concentration and the extension of the NTC region. For the case at φ=0.5 a detailed comparison is reported, confirming the assumptions of the predominance of alkyl radicals low temperature chemistry, as discussed in Section 2 and more in detail in Pelucchi et al. [46] . [10] (symbols) and mechanism predictions [46] .
Methyl ethyl ketone
Methyl ethyl ketone (MEK) kinetics received large attention not only as an intermediate in hydrocarbon
fuel combustion, but also for its role in the combustion of bio-oil from fast biomass pyrolysis [66] [67] [68] [69] [70] [71] [72] . The more recent work of Hoppe et al. [12] and Burke et al. [13] directly focused on its potential as biofuel. In particular Burke et a. [13] recently extended the available experimental data to conditions of interest for engines, measuring ignition delay times of MEK/air stoichiometric mixtures in rapid compression machine, between 850-1280 K, at 20 and 40 bar. Moreover, a kinetic mechanism including also the low temperature chemistry was developed and validated [13] . New experimental measurements were also carried out at the same conditions for a series of ketones [73] (acetone, 2-pentanone, 3-pentanone) at high temperatures 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 Lam et al. [70] studied the high-temperature pyrolysis of MEK behind reflected shock waves by using several species time-history measurements. Figure 14 shows comparisons between experimental data and model predictions. 
) and c) time-histories of CO and C 2 H 4 for 1% MEK in Ar. Panel d) time-history of methyl radical for 0.25% MEK in Ar. Comparisons of experimental data (symbols) [70] and model predictions (lines).
Recently, Badra et al. [71] presented shock tube ignition delay times of MEK (C 2 H 5 COCH 3 ) over temperatures of 1100-1400 K, pressures of 3-6.5 atm, at equivalence ratios of 0.5 and 1. They also modified the chemical kinetic mechanism of Serinyel et al. [72] improving MEK reactivity, because of systematic over-predictions of the ignition delay times, with respect to their experimental data. Figure 15 shows the satisfactory agreement of POLIMI mechanism predictions with these data, both in terms of pressure and stoichiometry dependence. On the contrary, the model systematically under-predicts the ignition delay times of Serinyel et al. [72] at least by a factor of two. The recent works of Hoppe et al. [12] and Burke et al. [13] highlighted the anti-knocking property and the lower reactivity of MEK with respect to commercial gasoline, in the temperature range 850-1000 K. From a kinetic perspective, the presence of the carbonyl group weakens the adjacent C-H bonds, and stabilizes both the alkyl radical and the peroxy radical formed via addition to O 2 . The high rate of HO 2 elimination (mainly RMEKOO=>HO 2 +CH3COCHCH2) largely explains the observed lower reactivity.
Burke et al. [13] reported a detailed discussion on RMEKOO=>HO 2 +CH3COCHCH2 (methyl vinyl ketone), based on previous studies [67, 75] . These literature values were found to largely differ from each other (i.e.
factor of ~7). Figure 16 shows a comparison of the rate constant adopted in the lumped mechanism, and those adopted in previous studies on MEK [13] and diisopropyl ketone (DIPK) [75] , weighted on the relative abundance of α s and β radicals in each mechanism. The lumped rate constant is respectively ~1.6 and ~2.0 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 times faster than the literature values. As in the lumped approach RMEKOO represents all of the peroxy radical isomers in MEK oxidation, the comparison is carried out by weighing the rate constants in the detailed mechanisms by the relative abundance of the two radicals (α s and β) leading to this pathway, i.e.
the selectivity to their formation as a function of temperature. Figure 16 : Comparison between the lumped rate constant for RMEKOO=>HO2+CH3COCHCH2 and the rate constants adopted in previous detailed kinetic mechanism [13, 75] .
Beside the above reaction, the total number of available H-atoms for the internal isomerization to form the lumped hydroperoxy alkyl radical (RMEKOO=>QOOH-MEK) is lower than in n-butane. The coupling of the two effects leads to a prevalence of chain propagating reactions with respect to chain branching reactions typical of the low temperature oxidation of alkanes [12, 13] .
The lumped low temperature oxidation mechanism of MEK, as developed in this study, is reported in Table   3 . Details of the lumped species representing the different isomers are reported in Table S2 of the Supplemental Material. Figure 17 compares constant volume simulations with the recent experimental data of Burke et al. [13] and shows the weak effect of the low temperature reactions, in these conditions. 
Figure 17: Ignition delay times of stoichiometrich MEK/air mixtures. Experimental data [13] (symbols) and kinetic mechanism predictions (lines) (adiabatic constant volume simulations).
Methyl butanoate
Grana et al. [47] extensively investigated the oxidation of methyl butanoate in shock tubes, plug flow reactors, jet stirred reactors, rapid compression machines and premixed laminar flames. For the low temperature oxidation a lumped kinetic mechanism mostly based on the work of Hakka et al. [48] was developed. Model predictions are compared to the ignition delay time measurements of HadjAli et al. [76] at T=815 K, Ф=1.0 and varying compressed pressure in RCM in Figure 18 . [76] (symbols) and model predictions (lines) [47] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 As a further comparison, Figure 19 shows species profiles measured by Gail et al. [77] in atmospheric JSR, in the temperature range of 850-1400 K, at φ=0.75 and residence time of 0.07 s. Figure 19 : Experimental results [77] and model predictions [47] of major products from methyl butanoate oxidation in the JSR at φ=0.75, atmospheric pressure and 0.07 s. Figure 20 compares the reactivity of n-butane, n-butanol, n-butanal, methyl ethyl ketone and methyl butanoate in terms of ignition delay times of stoichiometric fuel/air mixtures at 10 (a) and 30 atm (b and c).
Relative reactivity of oxygenated fuels and the influence of the oxygenated moiety
Considering that the relative reactivity of the fuels is very consistent at both pressures, the discussion will focus on the 10 atm case, where the differences at lower temperatures are clearer. In fact, as the pressure increases, the peroxy radical (RO 2 ) can better stabilize allowing more efficient isomerization reactions to form hydroperoxyalkyl radicals (QOOH). However, the fuel specific reaction pathways discussed in the following, directly derived from the effect of the different functional group on BDEs, still play a major role and explain the consistent trend observed in panel c of Figure 20 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 At high temperatures, the fuel pyrolysis controls the reacting process. The fast molecule decomposition forms components of lower molecular weight, which in turn oxidize. Thus, fuels behave quite similarly at these conditions. The initiation reactions play a significant role and this explains the slightly higher reactivity of n-butanol and especially of n-butanal. As shown in Figure 1 , the oxygen atom weakens the closest C-C bonds, reducing their BDEs. In particular, the carbonyl group of n-butanal decreases the energies of both the nearest C-C bonds of about 5.5 kcal/mol, with respect to the corresponding bonds in n-butane. The hydroxyl group of n-butanol shows a lower weakening effect and affects the closest C-C bond 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 only, reducing its energy of about 3.6 kcal/mol, compared to the analogous bond between a primary and a secondary C atom of a linear alkane.
At low and very low temperatures (< 650 K), the typical branching decomposition reactions, via successive oxygen additions to radicals, and isomerization reactions leading to ketohydroperoxides are the prevalent pathways. Therefore, the induction times of n-butane, n-butanal and MB converge.
On the contrary, the low reactivity of n-butanol, that is its longer induction time, is due to the favored formation (~45% of fuel consumption) of the alpha radical (CH 3 CH 2 CH 2 •CHOH), because of the reduced BDE of the alpha C-H bond induced by the OH group ( Figure 21 ). Once formed, the alpha radical does not undergo the typical low temperature branching mechanism, but it mostly produces n-butanal and HO 2
(O 2 +CH 3 CH 2 CH 2 •CHOH=C 3 H 7 CHO+HO 2 •). Heufer et al. [78] obtained similar trends when comparing n-C 4 -C 5 alcohols and alkanes reactivity at low temperatures. Also MEK is slow to ignite at T<800 K. Despite the HO 2 elimination from the peroxy radical could explain this behavior, additional experimental data in that specific temperature regime are needed for a better assessment of MEK low temperature reactivity. n-butanal shows the lowest ignition delay times. The faster rate of H-abstraction from the aldehydic site, caused by the low BDE of the C-H bond (see Figure 1 ), justifies this higher reactivity with respect to the corresponding alkanes, alcohols and esters. Due to the fast decomposition of the carbonyl radical previously discussed [46] , n-propyl radical low temperature oxidation dominates the reactivity of the aldehyde.
Second fastest fuel in these conditions is n-butanol. The low BDE of the alpha hydrogen results in a reduction of the reactivity, as reported in the sensitivity analysis of Error! Reference source not found.. The formed radical (CH 3 CH 2 CH 2 •CHOH) does not undergo the conventional low temperature branching pathway, but interacts with O 2 forming the parent aldehyde and the less reactive HO 2 radical. All the other Habstraction in β, γ and δ positions promote n-butanol reactivity, being γ the most favored position (see 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The high production of HO 2 radical enhances its importance as abstracting radical from the weak C-H in α s , production via RO 2 =>HO 2 +unsaturated ketones and HO 2 consumption via H-abstraction is key in properly predicting MEK reactivity at these conditions. Figure 23 shows the main reaction pathway of MEK oxidation at 850 K and 10 atm. Methyl butanoate (MB) lacks a pronounced NTC and shows the second slowest reactivity in the intermediate temperature range. Alpha C-H bond is weaker than those of n-butanol and n-butane, positively contributing to the reaction propagation. The stabilization resonance of the formed radical inhibits the successive oxygen addition. Moreover, the corresponding α-peroxy-methyl-butanoate radical can only isomerize, either through a seven membered ring or through a five membered ring ( Figure 24 ).
Both these paths are less favored, one for entropic reasons (too many rotors to block in the larger ring) and the other for energy reasons (extra strain of the 5-atom ring). Thus, as the sensitivity analysis of Error!
Reference source not found. shows, the most effective reaction between oxygen and the alpha resonant radical is not the addition, but mainly the formation of HO 2 and the unsaturated methyl-crotonate (O2+RMBX=HO2+MCROT) [41] , with the consequent decrease in reactivity. 
Conclusions
This work allowed the first comparative analysis of the reactivity of oxygenated fuels with different
A consistent assessment of C-H and C-C BDEs in n-butane and oxygenated species such as n-butanol, nbutanal, methyl ethyl ketone (MEK) and methyl butanoate (MB) has been provided, and they clearly reflect the effect of the oxygen molecule in different functional groups on the neighboring bonds.
Rate parameters of H-abstraction and initiation reactions implemented in the POLIMI mechanism, take into account these BDEs. The relative reactivity and selectivity of the H sites in the different fuels are also discussed. The upgraded POLIMI kinetic mechanism, here extended to the low temperature mechanisms of n-butanol and to the high and low temperature oxidation of MEK, is applied to support this kinetic analysis of relative reactivity of oxygenated species in the whole temperature range 600-1450 K. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In general, the reactivity scales as:
n-butanal > n-butanol > n-butane > MB > MEK.
The extreme reactivity of the aldehydic moiety leading to the formation of the carbonyl radical (C 3 H 7 CO) largely explains n-butanal ignition properties. Despite some secondary products from rather unknown and challenging reaction channels have been identified for longer aldehydes [79] , it is quite understood that the major role at low temperatures is played by n-C 3 H 7 branching pathways [46] . Ignition measurements for aldehydes at low temperatures would be useful to support such analysis.
At low temperatures (T<675K) n-butanol shows the lowest reactivity, because the favored α-radical mainly interacts with O 2 producing HO 2 and n-butanal, thus inhibiting the low temperature paths. As already pointed out by Sarathy et al. [7] , very little information exist for the rate coefficient of this key reaction channel for linear alcohols longer than ethanol. A systematic theoretical analysis of this reaction class for a series of linear alcohols would be useful in defining an accurate rate rule.
Between 750 K and 850 K MEK and MB are the slowest to ignite. These results are consistent with those reported by Lin et al. [80] for MB. The lower reactivity is due to the sensitive peroxy radicals decomposition reactions to form HO 2 and, in the case of MB, mainly for the direct bimolecular reaction to form methyl crotonate (RMBX+O 2 =HO 2 +MCROT). Only one theoretical study focused on RMEKOO=HO 2 +CH 3 COCH=CH 2 [67] , while no study addressed HO 2 formation in MB from these two channels. Despite recent extension of MEK experimental database [13] , data below 850 K are still missing.
Above 1000 K, n-butanol ignition behaves similar to that of n-butane, MEK, and MB, whereas only at higher temperatures the fast ignition of n-butanal approach the common asymptotic behavior.
Sensitivity and flux analyses clarify how the presence of the oxygen atom, influencing closest bonds dissociation energies, activates specific reaction pathways, explaining the observed trends. Although the relative importance of H-abstraction sites seems quite understood and shared, the combustion kinetics community should systematically tackle the correct evaluation of the specific rate constants here 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 highlighted. Despite theoretical methods are now viable at affordable costs for relatively small molecules [81] (5-7 heavy atoms), these rate constants still carry relatively high uncertainties. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
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